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Abstract
Background: Somatic cell nuclear transfer (SCNT) provides an appealing alternative for the
preservation of genetic material in non-domestic and endangered species. An important
prerequisite for successful SCNT is the availability of good quality donor cells, as normal embryo
development is dependent upon proper reprogramming of the donor genome so that embryonic
genes can be appropriately expressed. The characteristics of donor cell lines and their ability to
produce embryos by SCNT were evaluated by testing the effects of tissue sample collection (DART
biopsy, PUNCH biopsy, post-mortem EAR sample) and culture initiation (explant, collagenase
digestion) techniques.
Results: Differences in initial sample size based on sample collection technique had an effect on
the amount of time necessary for achieving primary confluence and the number of population
doublings (PDL) produced. Thus, DART and PUNCH biopsies resulted in cultures with decreased
lifespans (<30 PDL) accompanied by senescence-like morphology and decreased normal
chromosome content (<40% normal cells at 20 PDL) compared to the long-lived (>50 PDL) and
chromosomally stable (>70% normal cells at 20 PDL) cultures produced by post-mortem EAR
samples. Chromosome stability was influenced by sample collection technique and was dependent
upon the culture's initial telomere length and its rate of shortening over cell passages. Following
SCNT, short-lived cultures resulted in significantly lower blastocyst development (≤ 0.9%)
compared to highly proliferative cultures (11.8%). Chromosome stability and sample collection
technique were significant factors in determining blastocyst development outcome.
Conclusion: These data demonstrate the influence of culture establishment techniques on cell
culture characteristics, including the viability, longevity and normality of cells. The identification of
a quantifiable marker associated with SCNT embryo developmental potential, chromosome
stability, provides a means by which cell culture conditions can be monitored and improved.
Background
In recent years, the development of novel embryo produc-
tion technologies including somatic cell nuclear transfer
(SCNT) has created the potential for the restoration and
propagation of valuable genetic lines, and the preserva-
tion of endangered species/breeds. Although numerous
procedural parameters remain to be streamlined to
increase the success of this technique for the production
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of live and normal offspring, one of the important prereq-
uisites of SCNT is the availability of healthy donor cells,
which need to be reprogrammed to support proper
embryo and fetal development after nuclear transplanta-
tion.
The last decade has seen a dramatic increase in the cryop-
reservation of biomaterials. Genome resource banks have
been established for the collection and storage of somatic/
gonadal tissues, cells, gametes and embryos from geneti-
cally valuable individuals and lineages. It is intended that
these banks will be instrumental in the genetic manage-
ment of captive and wild populations. Wildt [1] stated
that genome resource banks will not only facilitate the dis-
persal of genetic material among populations, but will
provide insurance against the sudden loss of diversity or a
population. However, lack of standardized techniques for
sample collection and storage has resulted in an abun-
dance of poor-quality banked material. Thus, a better
understanding of the effects of tissue collection and cul-
ture establishment techniques on cell viability is required.
To ensure that cells are of the utmost quality for possible
use as donors for SCNT, a need exists for the identification
of quantifiable markers with a direct relationship to devel-
opmental potential.
It is well known that most somatic cells grown in vitro
have a limited proliferative lifespan [2], at which point
they enter a phase of growth arrest termed replicative
senescence. This irreversible state is distinguishable from
the quiescence achieved by serum-starvation or density-
dependent growth inhibition [3] that is necessary to syn-
chronize donor cells in the Go phase for SCNT. Senescent
cells remain metabolically active, arrested at the G1/S
boundary and lacking the ability to divide [reviewed by
[4]]. A senescent phenotype, whereby the cells change in
form and function, has been described. The characteristics
include alterations in morphology (increased cell surface
and volume, flattening of the cell), function (over-expres-
sion of cytokines) and gene expression patterns, resistance
to apoptosis and shortened telomere length [reviewed by
[5]]. In vitro lifespan is affected by genetic and environ-
mental factors, such as donor age, physiological state, cul-
ture conditions and seeding density [5-7].
Prolonged serial cultivation of cells in vitro results in the
accumulation of numerous aberrations. Genomic insta-
bility and telomere shortening have both been correlated
with increased time in culture [8-10], and shown to be
prevalent at replicative senescence. A dramatic increase in
chromosomally abnormal cells in late passage cultures
has been demonstrated by various investigators [10-12].
Benn [10] observed that the chromosome content of cell
lines progressed from approximately 30% abnormal to
greater than 60% abnormal cells in later passages. Simi-
larly, Strelchenko [11] and Giraldo et al. [12] reported
81% and 98% abnormal cells in late passage cultures,
respectively. Both structural and numerical abnormalities
have been documented, including end-to-end fusions,
translocations, aneuploidy and polyploidy.
An important role in genomic stability is carried out by
the telomeres [13]. Telomeres are known to maintain
chromosome structure and function by preventing end-
to-end fusions and degradation of the chromosome ends
[14]. As telomeres shorten with each cell cycle, the
"sticky" ends are prone to fusions and translocations lead-
ing to structural chromosome alterations and subsequent
chromosomal instability [15]. Numerical chromosome
alterations, on the other hand, are thought to result from
the missegregation of chromosomes due to the loss of p53
and Rb, regulators of the mitotic spindle apparatus [15].
Both chromosome abnormalities and critically short tel-
omeres are thought to be able to signal the irreversible
damaged DNA response that causes the cells to enter the
phase of growth arrest leading to senescence [4,16].
In vitro production of embryos, particularly by SCNT, is
associated with compromised pre- and post-implantation
development. Cytogenetic studies on embryos indicate
that chromosome abnormalities are associated with poor
embryo quality and increased embryonic and fetal wast-
age [17]. Chromosome abnormalities are thought to be a
major cause of embryonic loss during early development
[18,19]. Among in vitro fertilized (IVF) and SCNT
embryos, a higher percentage of chromosomally abnor-
mal blastomeres were observed in slower developing
embryos, embryos with lower cell numbers and poorer
grade embryos [17,20,21]. Studies have correlated the
occurrence of chromosome abnormalities in SCNT
embryos with the frequency of abnormalities in the donor
cell line [22,12]. Not surprisingly, donor cell lines with a
higher percentage of abnormal cells generated a higher
rate of chromosomally abnormal blastomeres in the
SCNT embryos.
In order to improve SCNT success, careful attention must
be given to the establishment of viable, normal cell lines
since good quality embryos depend upon the chromo-
somal integrity of the donor cell. Due to the numerous
environmental factors influencing the long-term growth
of a cell line, standardization of techniques for tissue col-
lection, processing and culture must be implemented to
ensure that banked cultures are a viable source of genetic
material. Proper cell banking techniques are of critical
importance in non-domestic species, specifically endan-
gered wildlife, where access to the animals is minimal
and, in some cases, precludes the collection of good qual-
ity tissue samples.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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The objectives of this study were to investigate the effects
of tissue sample collection and cell culture initiation tech-
niques on cell culture dynamics and their effects on the
developmental potential of cloned embryos following
SCNT. Our aim was to identify cell culture parameters that
would serve as predictors of the developmental potential
of a cell line in the initial stages of in vitro culture, for
selecting and banking samples that would provide the
best outcome as donor cells for SCNT. In addition, to
determine the feasibility of cell banking in a non-domes-
tic species requiring specialized handling techniques the
experiments were performed on an endangered cattle spe-
cies, the gaur (Bos gaurus), using domestic cattle (Bos tau-
rus) as controls.
Results
Culture characteristics were examined for DART, PUNCH
and EAR/SKIN samples established using EXPL and COLL
techniques. The time to primary confluence varied accord-
ing to the sample collection technique used (Figure 1).
Small initial samples, as in DART, required >20 days to
achieve confluence compared to larger samples, as in EAR,
which required only 5–6 days (COLL) and 11–12 days
(EXPL). In all cases, EXPL treatments required more time
than COLL to achieve confluence.
Cultures were passaged routinely until they reached senes-
cence and differences were observed in the number of
PDL to senescence among the treatments (Figure 2). The
cattle controls (SKIN and EAR) and gaur EAR produced
long-lived cultures with >50 PDL. In these cases, no signif-
icant effect of cell dissociation technique was evident after
long-term culture. Both DART and PUNCH produced
short-lived cultures (<10 PDL, EXPL; <30 PDL, COLL). In
these cases, cell dissociation technique did have an effect,
with COLL cultures undergoing more PDL than EXPL cul-
tures.
To examine phenotypic changes during serial cultivation,
culture morphology was assessed. Long-lived cultures
(gaur EAR, Figure 3; cattle SKIN and EAR not shown)
exhibited a typical trend from the tightly compact spindle-
shaped cells in early culture (Figure 3A–D) to a gradual
enlarging of cells until the spread out, star-shaped pheno-
type of senescence was observed (Figure 3I–J). In contrast,
within the first few passages, short-lived cultures (DART
and PUNCH, Figure 4) displayed the phenotypic changes
(enlarging and spreading) characteristic of the late passage
cells of long-lived cultures approaching senescence.
To examine changes in genomic stability during serial cul-
tivation, chromosome content of the cultures was
assessed. Analysis of metaphase spreads at P-30 was not
successful due to the low numbers of actively dividing
cells in the late passage cultures. A decrease in the percent-
age of chromosomally normal cells was evident in all cul-
tures during serial cultivation (Figure 5A–B).
Abnormalities included primarily aneuploidy and poly-
ploidy. The initial percent normal cells, final percent nor-
mal cells, and rate of change (slope) varied between
cultures, indicating differences due to both sample collec-
tion and cell dissociation techniques. Long-lived cultures
(cattle SKIN/EAR, Figure 5A; gaur EAR, Figure 5B) showed
a gradual decrease (slope range: -0.75 to -2.00, Table 1) in
Replicative lifespan of cattle and gaur cell cultures Figure 2
Replicative lifespan of cattle and gaur cell cultures. 
The numbers of population doublings to reach senescence 
are shown for the sample collection (DART, PUNCH, EAR/
SKIN) and cell dissociation (EXPL, COLL) treatment groups. 
Differences in the number of population doublings prior to 
senescence were observed between the sample collection 
techniques and only between cell dissociation techniques 
when short-lived cultures were produced.
Length of time to reach primary confluence for cattle and  gaur cell cultures Figure 1
Length of time to reach primary confluence for cat-
tle and gaur cell cultures. The numbers of days necessary 
for the dissociated cells to become confluent monolayers are 
shown for the sample collection (DART, PUNCH, EAR/
SKIN) and cell dissociation (EXPL, COLL) treatment groups. 
Time to reach confluency varied according to the sample col-
lection and cell dissociation techniques used.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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chromosomally normal cells from 82–90% normal down
to 42–70% normal by passage 25 (50 PDL). Short-lived
cultures (DART and PUNCH, Figure 5B) initially con-
sisted of a lower percentage of chromosomally normal
cells and dropped dramatically (slope range: -4.44 to -
10.00, Table 1) within the first few passages to <40% nor-
mal cells. In general, EXPL cultures resulted in a lower per-
centage of normal cells compared to COLL cultures. The
DART EXPL cell line failed to establish and was not ana-
lyzed beyond P-1, which already consisted of only 42%
normal cells.
To examine the changes in telomere length during serial
cultivation, relative telomere length of the cultures was
Morphology of gaur cell cultures during serial cultivation in vitro Figure 3
Morphology of gaur cell cultures during serial cultivation in vitro. Phase contrast micrographs of gaur EAR fibroblast 
cultures from early and late passages demonstrate the changes in cell morphology that occurred with increased passages. Note 
the morphology (enlarged and flattened cells) characteristic of senescent cultures in (I) and (J). No major effects of cell dissoci-
ation techniques were observed in these long-lived cell cultures.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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assessed. A decrease in RTL was evident in all cultures dur-
ing serial cultivation (Figure 6A–B). Definitive differences
due to sample collection or cell dissociation techniques
were not clearly evident, however some trends were
observed. The initial and final RTLs varied between cattle
and gaur. With one exception, RTLs of cattle cultures were
greater than those of gaur cultures. More importantly, ini-
tial and final RTLs of long-lived cultures were approxi-
mately twice that of short-lived cultures, with the
exception of cattle EAR EXPL and gaur EAR EXPL which
were both lower than other long-lived cultures. In most
cases, the rate of telomere shortening (slope) was similar
(Figure 6A–B, Table 1). The DART EXPL cell line failed to
establish and was not analyzed beyond the initial RTL at
passage 1.
Chromosome stability was tested for dependence on the
initial RTL, final RTL, and RTL rate of change to determine
if a significant relationship exists. Furthermore, differ-
ences between the animals, sample collection techniques
and cell dissociation techniques were tested. The chromo-
some content rate of change was not found to be depend-
ent on any one telomere length factor alone, but was
highly dependent on both the initial RTL of the culture (p
< 0.05) and the RTL rate of change (p < 0.001) together.
Inclusion of the animal, sample collection technique and
cell dissociation technique class variables revealed that
while cell dissociation technique was not significant, ani-
mal and sample collection technique were both signifi-
cant (p < 0.05) factors.
The effects of cell culture quality on the production of
embryos by SCNT were examined (Table 2). Only COLL
cultures were used as EXPL cultures from DART and
PUNCH samples did not produce enough cells for the
SCNT experiments. In the cattle controls, SKIN and EAR
gave similar results, with approximately 35% blastocyst
development on day 8 of embryo culture. When near-
senescent cattle cells (SKIN and EAR, P-30) were used for
SCNT, significantly (p < 0.05) lower development was
observed, with <11% blastocyst development for both
cultures. Interestingly, when cells were trypsinized and
prepared for SCNT, morphological differences were evi-
dent between the early and late passage cells (Figure 7).
Early passage cell preparations consisted of small, spheri-
cal, smooth-membraned cells, with a small percentage of
the cells appearing abnormal (larger in size with non-
spherical or ragged edges). In the late passage cell prepa-
rations, a higher proportion of cells displayed an abnor-
mal appearance. Blastocyst rates for gaur EAR cells
averaged 11.8%. Since the gaur embryos being produced
were the result of interspecies SCNT, gaur embryo devel-
opment was expected to be lower than cattle. However, a
comparison among the gaur cell lines used for SCNT
showed that the short-lived DART and PUNCH cultures
produced significantly (p < 0.05) lower development and
these cell preparations were similar in appearance to the
late passage cell preparations (figure not shown).
Following the determination that chromosome stability
was highly dependent on a combination of initial RTL and
RTL rate of change, we examined the possibility that the
blastocyst development rate of cell lines used for SCNT
was dependent on the chromosome stability of the donor
cell line. Indeed, chromosome content rate of change and
sample collection technique were significant (p < 0.01)
factors in determining blastocyst development outcome.
Discussion
This study demonstrated that the methods of tissue sam-
ple collection and cell culture initiation influence the via-
bility, longevity and normality of cells grown in vitro, and
their subsequent potential for embryo development fol-
lowing SCNT. Furthermore, chromosome stability was
identified as a quantifiable parameter on which develop-
mental potential of SCNT embryos is highly dependent.
The strong relationship between chromosome stability
and somatic/embryonic cell viability makes this cell char-
acteristic a valuable parameter for predicting SCNT suc-
cess, and provides a means by which cell culture
conditions can be monitored and improved.
Effects on culture characteristics
Culture-specific factors exert significant effects on the pro-
liferative lifespan of cell cultures, with seeding density
being proportionately related to lifespan [6,7]. Similarly,
in our study differences resulting from the sample collec-
tion techniques showed that the initial sample size, that
is, the number of cells potentially available to initiate the
culture (seeding density), had an effect on the amount of
time necessary for achieving primary confluence and the
number of PDL produced. Rapidly dividing, long-lived
cultures were only obtained from skin and ear samples
collected post-mortem. In the smaller samples from biop-
sies obtained by dart or manual punch establishment of
the cell lines was also affected by the cell dissociation
technique. The longer time to primary confluence and the
significantly reduced lifespans of the explanted cell lines
may be the result of a smaller number of cells migrating
out of the explants compared to those released by enzyme
digestion. Thus, these lower-density cultures may exhaust
more of their replicative potential in the initial phase of
culture. Although small biopsies are routinely used in
humans to produce cultures of >40 PDL [23], the thick-
ness and toughness of skin in large animals like cattle may
be a factor for consideration when attempting to obtain
the full thickness of the epidermal and dermal layers.
Although an age discrepancy existed between the cattle
and gaur samples as slaughterhouse animals are usuallyBMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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less than 5 years old, whereas the gaur was 18 years old, it
did not have an effect on the observed results. Gaur EAR
samples obtained primary confluence within the same
time frame as cattle EAR and, similarly, produced long-
lived cell lines with 60 or more PDL. Cristofalo et al. [23]
observed that although fetal and adult fibroblasts had dif-
ferent growth characteristics, no effect of donor age on
replicative lifespan was evident. The data reported here
were generated from samples obtained from one gaur
individual due to the difficulty in obtaining both biopsy
and post-mortem samples from this endangered species.
However, similar outcomes were obtained from DART
biopsies from 8 other gaur and from PUNCH biopsy and
EAR from one other gaur (personal observations).
A relationship between the amount of time to primary
confluence and the number of PDL was observed, with
cultures being successfully established only from cell
preparations that achieved confluence within the stand-
ard time-frame for that technique (explants: 10–12 days;
digestion: 5–6 days). Cultures requiring >10 days to form
a confluent monolayer following enzyme digestion were
indicative of cell lines that underwent replicative senes-
cence prematurely. This shows that monitoring the initial
phase of culture establishment provides important infor-
mation for determining the reproductive capabilities of a
cell line and deciding whether to proceed with the culture.
Bartels et al. [24] banked cell cultures from African lions
(Panthera leo) whose mean time to confluence in 50 ml
flasks following enzyme digestion was 18.6 ± 3.1 days.
Although no information is available on the viability of
these cultures, our data suggest that these slow-growing
cultures will not produce healthy, highly proliferative cell
lines.
Morphology of gaur cell cultures during serial cultivation in vitro Figure 4
Morphology of gaur cell cultures during serial cultivation in vitro. Phase contrast micrographs of gaur DART and 
PUNCH fibroblast cultures from early and later passages demonstrate changes in cell morphology. Senescent morphology 
(enlarged and flattened cells) was observed within the first few passages as shown in (I) to (L). Effects of cell dissociation tech-
niques were apparent in these short-lived cell cultures.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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Replicative senescence is accompanied by a change in the
phenotype of the culture [5]. Alterations in morphology
are described as an increase in cell surface and volume (i.e.
size) and a flattening of the cell, both evident by light
microscopy. Cell morphology was affected by the growth
rate and lifespan of the culture and, therefore, influenced
by the sample collection and cell dissociation techniques
as described above. Long-lived cultures exhibited a grad-
ual change in morphology with increased passage number
as observed in skin and ear samples collected post-mor-
tem. Major changes were only evident within the last 10
PDL. Cultures that failed to establish successfully dis-
played the senescence phenotype initially or within the
first few PDL. This overt change in morphology suggests
that visual observation of a culture's phenotype can be an
effective indicator of the replicative potential of a cell line.
Senescent cells have been reportedly characterized by high
levels of chromosome abnormalities [25]. Increased pro-
portions of aneuploid, polyploid and dicentric chromo-
somes have been documented with increasing passage
number [10-12,26,27]. In one study the percentage of
aneuploid cells ranged from 61.5% to 100% in late pas-
sage cells [27]. Our results similarly demonstrate that
chromosome abnormalities become increasingly preva-
lent in cells approaching the end of their replicative
lifespan. Rapidly dividing, morphologically normal cells
had a high percentage of chromosomally normal cells, in
most cases >80% normal. After a prolonged time in cul-
ture, the number of chromosome abnormalities gradually
increased, becoming more prevalent in late passage cells
with up to 58% abnormal cells as the cultures approached
senescence. However, in the poorly established cultures
resulting from small initial samples a high percentage of
chromosome abnormalities were observed initially or
within 10 PDL. Consequently, short-lived cultures were
characterized by a low number of chromosomally normal
cells in the primary culture (42%) or by a rapid decline in
chromosomally normal cells within the first 5–10 pas-
sages (72%–84% down to 32%–42% normal cells).
Decreased seeding density may play a role in hastening
senescence as the numerous cell divisions required for pri-
mary confluence may result in first passage cells being at
a later stage of replicative potential. Other studies have
shown that cultures with initially high levels of chromo-
somally abnormal cells (>40%) had almost 100% abnor-
mal metaphase spreads within 9 [12] and 17 passages
[26]. Since it is highly unlikely for the donor to have high
levels of chromosomally abnormal cells with a range of
aneuploidies, evidence of this in early passages, suggests a
problem with the collection and/or culture method.
Changes in chromosome content occurred in all cultures
over time and the data indicate that sample collection and
cell dissociation techniques have some effect on both the
Table 1: Rate of change (slope) of chromosome content and 
relative telomere length following serial cultivation in vitro.
Animal Cell Culture CC RTL
CATTLE SKIN EXPL -1.51 -0.06
SKIN COLL -1.07 -0.04
EAR EXPL -1.75 -0.03
EAR COLL -0.82 -0.04
GAUR DART EXPL - -
DART COLL -4.52 -0.04
PUNCH EXPL -10.00 -0.17
PUNCH COLL -5.87 -0.05
EAR EXPL -1.60 -0.02
EAR COLL -1.79 -0.11
Slopes were obtained following linear regression analysis of the data in 
figures 5 and 6. Effects of sample collection and cell dissociation 
techniques on CC slopes, but not RTL slopes, were detected in the 
gaur cell cultures. CC = chromosome content; RTL = relative 
telomere length.
Chromosome content of cell cultures during serial cultiva- tion in vitro Figure 5
Chromosome content of cell cultures during serial 
cultivation in vitro. Percentages of chromosomally normal 
cells (% Normal Cells) were assessed for (A) cattle and (B) 
gaur cell cultures. A decrease in chromosomally normal cells 
occurred in all cultures with increased passages. Differences 
in the initial percentage and the rate of decline of chromo-
somally normal cells were observed in the different treat-
ment groups. Effects of sample collection techniques were 
clearly evident in the gaur cell cultures.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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initial level of chromosome abnormalities and the rate of
decline of chromosomally normal cells. These observa-
tions along with evidence from previous studies suggest
that the chromosome content of a cell culture is directly
related to its quality and longevity.
Schwartz et al. [16] had shown that chromosome instabil-
ity was caused by telomere shortening. The "sticky" ends
of shortened telomeres predispose the chromosomes to
fusions and translocations known as telomeric associa-
tions [15], one of the major types of anomalies in chro-
mosomally abnormal cells approaching senescence [26].
As critically short telomeres trigger the irreversible cell
cycle arrest that typifies replicative senescence, Allsopp et
al. [9] proposed that telomere length is a good indicator
of the in vitro lifespan of cells. Our data confirm that tel-
omere erosion occurs during serial cultivation of cells.
However, a correlation between initial telomere length, its
rate of decline and the type of culture established (long-
lived vs. short-lived) was not clearly evident. Conse-
quently, sample collection and cell dissociation tech-
niques did not appear to have a major effect on telomere
length. Although RTL alone was not indicative of the cul-
ture's replicative capabilities, it would appear that further
information could be gained if the rate of shortening of
telomere length during serial cultivation was assessed as
well. This was supported by the fact that modeling chro-
mosome stability against telomere length showed that
chromosome stability was not dependent on any one tel-
omere length factor alone but that it was highly depend-
ent on both initial relative telomere length and its rate of
change. These observations concur with previous findings
where a direct relationship was noted between chromo-
some instability, telomere length and proliferative
lifespan [16]. Assessing both chromosome and telomere
dynamics of cultures would provide the necessary predic-
tive parameters on the long-term in vitro capabilities of a
cell culture.
Effects on embryo production by SCNT
The genetic make-up of the donor cell is a crucial compo-
nent for the success of novel embryo technologies such as
Table 2: SCNT embryo development using collagenase digestion cultures.
Animal Cell Culture Total Embryos (N) Day 8 Blastocyst (%)
CATTLE SKIN COLL 117 36.1 ± 3.4a
SKIN COLL P-30 121 10.7 ± 1.0b
EAR COLL 94 34.7 ± 3.4a
EAR COLL P-30 76 1.4 ± 1.4b
GAUR DART COLL 74 0.8 ± 0.8a
PUNCH COLL 90 0.9 ± 0.9a
EAR COLL 154 11.8 ± 1.3b
A significant decrease in blastocyst development was observed in reconstructed embryos from short-lived and near-senescent cell lines. These data 
indicate that cell culture parameters influence embryo developmental competence following SCNT. N = total number of reconstructed embryos 
(successfully fused couplets) placed in culture. All cultures for SCNT were prepared at P-3 to P-5 unless otherwise stated. a, b Superscripts within 
columns denote a significant difference between treatments (p < 0.05).
Relative telomere lengths of cell cultures during serial cultiva- tion in vitro Figure 6
Relative telomere lengths of cell cultures during 
serial cultivation in vitro. Relative telomere lengths (RTL) 
were assessed for (A) cattle and (B) gaur cell cultures. A 
decrease in RTL occurred in all cultures with increased pas-
sages. Effects of sample collection and cell dissociation tech-
niques were not clearly evident.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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SCNT. Embryo development is dependent upon proper
reprogramming of the donor genome so that embryonic
genes are appropriately expressed. A normal chromosome
complement is an important prerequisite for proper gene
expression to occur in the early cleavage stage embryo. It
has been documented that chromosome abnormalities
are detrimental to continued embryo development and
are the major source of early embryonic loss [18,19]. In
cattle, poor quality embryos have been shown to have
higher numbers of chromosomally abnormal cells
[17,20] and aneuploidy combined with increased levels of
DNA fragmentation, suggestive of apoptosis, were associ-
ated with slow growing human embryos [28]. Schwartz et
al. [16] had stated that chromosome instability in cells
grown in vitro leads to cell cycle arrest, which triggers
apoptosis, and that these chromosome abnormalities
arise as a result of shortened telomere lengths. Thus, it nat-
urally follows that shortened telomere lengths would also
result in poor quality embryos. Several studies have
shown that decreased telomere lengths in gametes cause a
higher incidence of cytoplasmic fragmentation, which
contributes to apoptosis and abnormal cleavage in early
embryos [29,30]. Our data indicate that the characteristics
of the donor cell cultures were directly related to the
developmental potential of SCNT embryos. Since only
cells obtained by collagenase digestion were used for
SCNT, the effect of cell dissociation technique could not
be tested. However, sample collection technique signifi-
cantly affected embryo development to the blastocyst
stage. Donor cells taken from passages 3 to 5 of long-lived
cultures produced adequate blastocyst rates of approxi-
mately 35% and 12% for cattle and gaur, respectively.
These rates are comparable to those produced by cattle
and gaur SCNT in other studies [31-33], and we have
demonstrated that the decreased blastocyst yield follow-
ing gaur SCNT was due to the use of interspecies SCNT in
which an exotic cattle donor nucleus (gaur) is directing
the domestic cattle recipient cytoplasm (taurus) [31]. In
this case, although the two species are closely related, suf-
ficient differences exist between cattle and gaur at the
genetic and molecular level to account for differences in
embryo growth dynamics [31].
In the present study, cattle donor cells approaching repli-
cative senescence (passage 30; 60 PDL) used for SCNT
produced significantly lower blastocyst development.
Similar results were reported by Lanza et al. [34] who
noted only 5% blastocyst development following SCNT
using bovine fibroblasts passaged to greater than 95% of
their lifespan and showing morphological signs consist-
ent with senescence. At passage 30, the cattle donor cells
in this study exhibited changes in morphology indicative
of the impending growth arrest, an increase in chromo-
some abnormalities and a decrease in telomere length.
The use of gaur donor cells from short-lived cultures
obtained by dart and manual punch biopsies for SCNT
also produced significantly lower blastocyst development
compared to the long-lived culture from the gaur ear sam-
ple. These donor cells had similar characteristics to the
cattle passage 30 cells, with morphological changes and
Morphology of cattle EAR cell preparations for SCNT Figure 7
Morphology of cattle EAR cell preparations for SCNT. Phase contrast micrographs of (A) early passage (P-5) and (B) 
late passage (P-30) fibroblast cultures prepared for SCNT demonstrate changes that occur following prolonged growth in 
vitro. A marked increase in cells with enlarged size and abnormal morphology was observed in the late passage culture.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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increased chromosome abnormalities. A direct correla-
tion can be made between the alterations in cell character-
istics and poor embryo development. Statistical analysis
of our data indicated that blastocyst development rates of
cell cultures used for SCNT were dependent on sample
collection techniques and chromosome stability of the
donor cell line. Studies by Slimane Bureau et al. [22] and
Giraldo et al. [12] have demonstrated that the frequency
of chromosome abnormalities in the donor cell line cor-
responds to the frequency of chromosome abnormalities
in the SCNT embryos produced. Thus, a high percentage
of chromosome abnormalities [12,22] or decreased tel-
omere lengths [29,30] in the blastomeres of SCNT
embryos, may result in increased levels of apoptosis or cell
cycle arrest, which may be a contributing factor to their
early demise.
Conclusion
A dramatic increase in the loss of natural habitats, high
rates of inbreeding, and reduced reproductive perform-
ance in both wild and domestic animals have created the
necessity for genome resource banking of valuable indi-
viduals, breeds or species as a whole. Tissue samples for
the establishment of cell lines are being collected, the cells
grown in vitro and cryopreserved using numerous sample
collection and culture establishment techniques.
Although viable for use in molecular studies, these sam-
ples may prove to be inadequate for use with technologies
such as SCNT. This study was performed to gain a better
understanding of the effects of culture initiation tech-
niques on culture characteristics and the subsequent
developmental potential of SCNT embryos. Furthermore,
we hoped to establish markers of cell viability to assist
with the selection of good quality cell lines for SCNT. We
have shown that sample collection and cell dissociation
techniques influence the in vitro growth characteristics
and lifespan, morphology, chromosome content and tel-
omere dynamics of cell lines. The relationship between
the parameters examined here and the replicative lifespan
of cells in vitro, most importantly, time to primary conflu-
ence, cell morphology and chromosome content, demon-
strate that various markers can be assessed in the initial
phases of culture to evaluate the proliferative potential of
a cell line. The significant correlation between chromo-
some stability and SCNT embryo development provides
the researcher with a means for assessing the developmen-
tal potential of a donor cell line and thereby allowing the
selection of a culture establishment protocol that pro-
duces the most genetically stable cultures. This study pro-
vides evidence that the implementation of standardized
techniques for the preparation and assessment of cell lines
is vital to the success of genome banking. Using proper
selection criteria, cell lines with the potential for success-
ful development can be considered for further study and
banking.
Methods
All chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO, USA) unless otherwise stated.
Experimental design
A) Effects of tissue sample collection techniques
Samples were collected from a gaur bull as follows: a)
obtaining skin using 3 mm × 10 mm biopsy darts fired
from an air gun (DART), b) obtaining skin using 4 mm ×
6 mm biopsy punches manually on an anaesthetized ani-
mal (PUNCH), and c) obtaining a portion of the ear post-
mortem (EAR). As controls, samples were collected from
a domestic bull by obtaining a portion of skin (SKIN) and
ear (EAR) post-mortem.
B) Effects of cell dissociation techniques
Each sample collected was subjected to the following two
treatments: a) explants of tissue (EXPL) and b) colla-
genase digestion of tissue (COLL).
Preparation of fibroblast cell cultures
Domestic cattle (Bos taurus) samples from skin or ear were
obtained from slaughterhouse material. Gaur (Bos gaurus)
samples from skin or ear were obtained from gaur housed
at the Toronto Zoo. Immediately upon collection, the
samples were immediately placed in phosphate buffered
saline (PBS) + 1% antibiotic-antimycotic (ABAM; Invitro-
gen Canada Inc., Burlington, ON, Canada) on ice for
transport to the laboratory. Each sample was chopped
into small pieces (1 mm × 1 mm) which were evenly dis-
tributed onto the bottom of a tissue culture flask for
explanting or digested for 3–5 hours in 0.5% collagenase
type I in Dulbecco's Modified Eagle's Medium (DMEM).
All samples were cultured in DMEM + 1% ABAM + 20%
fetal bovine serum (FBS) in 25 cm2 tissue culture flasks at
38°C in air containing 5% CO2 and the medium was
replaced every 3–4 days until confluence was achieved.
The number of days required to achieve confluence of the
primary culture was recorded for each sample (primary
confluence). All the cell lines were passaged at confluency
in DMEM + 1% Penicillin/Streptomycin (P/S; Invitrogen
Canada Inc.) + 10% FBS at a dilution of 1:4 for approxi-
mately 2 population doublings (PDL) per passage until
senescence. Senescence was characterized by the failure of
the population to double after 3 weeks of culture with reg-
ular medium change. The number of PDL to senescence
was recorded for each cell line. At passage 1 (P-1) and
every five passages (P-5, P-10, etc) until senescence, the
samples were assessed for morphology (under light
microscopy using a Leica inverted microscope at 40X mag-
nification), chromosome content and telomere length.
Cells from collagenase treatments were prepared and used
for SCNT at passages 3 to 5.BMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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Chromosome content analysis
Metaphase spreads were obtained using standard tech-
niques. Briefly, 0.05 µg/ml of colcemid (Invitrogen Can-
ada Inc.) was added to an actively growing culture for 2–
3 hours. Cells were harvested and treated with hypotonic
solution (0.075 M KCl) followed by fixation with metha-
nol:acetic acid (3:1/v:v). The cells were spread onto slides
and stained for 15 minutes with 4% Giemsa. Fifty giemsa
stained metaphase chromosome spreads from each sam-
ple were examined at 100× magnification and the percent
normal and abnormal cells were recorded. Rates of change
of chromosome content over passages in culture (slope)
were obtained from linear regression analysis of the per-
cent normal cells.
Relative telomere length analysis
a) DNA extraction
Cells harvested by trypsinization were washed once with
PBS and the cell pellets were frozen at -80°C until DNA
extraction could be carried out. DNA extraction and pre-
cipitation was carried out using a standard phenol-etha-
nol technique. Briefly, an equal volume of phenol/
chloroform/isoamyl alcohol (PCI) was added to the cell
pellets in a 1.5-ml microcentrifuge tube. The solution was
mixed gently for 5 minutes and centrifuged for 10 min-
utes at 10,000 rpm at room temperature. The aqueous
phase containing the DNA was removed and transferred
to a new tube. This was repeated several times. An equal
volume of chloroform: isoamyl alcohol (24:1/v:v) was
then added and the solution was mixed gently for 2 min-
utes followed by centrifugation for 1 minute at 10,000
rpm. The aqueous phase containing the DNA was
removed, transferred to a new tube and 2 volumes of ice-
cold 100% ethanol was added. The DNA solution was
mixed gently and placed at -20°C overnight or at -70°C
for 1 hour. The supernatant was removed after centrifuga-
tion for 20 minutes at maximum speed. 70% ethanol was
carefully added to the pellet at room temperature and cen-
trifugation at maximum speed was repeated. The pellet
was then dried at room temperature, dissolved in 20–50
µl of Tris-EDTA buffer (pH 8.0) and stored at -20°C until
needed.
b) Relative Telomere Length (RQ-Telo Assay)
Real-time quantification of relative telomere length (RTL)
for use with the LightCycler was based on the original pro-
tocol described by Cawthon [35] and modified by Gil and
Coetzer [36]. Briefly, reactions were performed in tripli-
cate in 10 µl reaction volumes (using 2 µl of sample per
reaction) for control 293T DNA and all samples. The
LightCycler Faststart DNA Master SYBR Green kit (Roche
Diagnostics, Indianapolis, IN, USA) was used with a 3
mM final concentration of MgCl2. The assay included
amplification of the telomere (T) and a single-copy (S)
gene (BTF3) for normalization. The two reactions were
prepared from a single master mix, and the telomere and
single-copy gene amplifications were performed in serial.
Primers for the telomere reaction were added at a final
concentration of 0.2 µM and 0.3 µM for Tel 1b and Tel 2b,
respectively. The BTF3 primers were added at a final con-










The telomere length assay consisted of a 10 minute incu-
bation at 95°C for enzyme activation, followed by 20
cycles at 95°C for 5 seconds, 56°C for 10 seconds, and
72°C for 60 seconds and fluorescence acquisition. The
single-copy gene assay consisted of a 10 minute incuba-
tion at 95°C, followed by 35 cycles at 95°C for 5 seconds,
60°C for 5 seconds, and 72°C for 20 seconds and fluores-
cence acquisition. Crossing points (Cp) were determined
by the second derivative method using the LightCycler
software.
c) RQ-Telo analysis
The RQ-Telo assay determines the telomere signal of a
sample by normalization to the single-copy gene amplifi-
cation, and is expressed relative to a control sample that is
amplified in all assays. For each sample, taking the
median Cp of triplicate telomere and single-copy gene
amplifications minimized error. The T/S ratio for a single
sample was defined as the difference in Cp between the
telomere and single-copy gene, or [2Cp(telomere)/2Cp(BTF3) ] =
2-∆Cp [35]. Finally, the T/S ratio of each sample was com-
pared with the reference sample to give the relative T/S
ratio by 2-(∆Cp1-∆Cp2). A T/S ratio for each sample was there-
fore determined, and expressed as a relative T/S ratio, or
relative telomere length (RTL) to the reference sample.
Rates of change of RTLs over passages in culture (slope)
were obtained from linear regression analysis of the RTLs.
Somatic cell nuclear transfer
SCNT was carried out according to the protocol of Mas-
tromonaco et al. [32]. Adult skin or ear fibroblasts were
cultured as described previously and maintained in con-
fluence for 1–3 days until processed for SCNT. Briefly,
domestic cattle cumulus-oocyte complexes were collectedBMC Developmental Biology 2006, 6:41 http://www.biomedcentral.com/1471-213X/6/41
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by follicle aspiration and then cultured in modified syn-
thetic oviductual fluid medium (mSOFaa) + 2% steer
serum + hormones (E2, FSH and LH; USDA National Hor-
mone and Peptide Program, Torrance, CA, USA) at
38.5°C in 5% CO2 in air for 18 hours. Oocytes with a
polar body were stained with Hoechst 33342 to visualize
the metaphase plate. Oocyte enucleation and donor cell
transfer were carried out in modified Tyrode's medium
under silicone oil. Cell fusion was carried out in 0.28 M
mannitol solution + 100 µM MgCl2 + 100 µM CaCl2 with
an electrical stimulus of 1.5 kV/cm for 40 µs. Recon-
structed embryos (successfully fused couplets) were acti-
vated using 5 µM ionomycin followed by 10 µg/ml
cycloheximide. Embryos were cultured in mSOFaa
medium + 8 mg/ml fatty acid-free BSA at 38.5°C in 5%
CO2, 5% O2, 90% N2 for 8 days, and evaluated for blasto-
cyst development on day 8 at 196 hours of culture.
Statistical analysis
a) SCNT embryo development
For each cell line used, SCNT was repeated 3 times with N
representing the total number of reconstructed embryos
placed in culture. Blastocyst development rates were
determined as a percentage of the number of recon-
structed embryos produced. Values are reported as means
± the standard error of the mean (SEM). The effect of the
treatments was analyzed using the one-way ANOVA, fol-
lowed by Tukey's post-hoc analysis (Minitab for Win-
dows, Minitab Inc., 1998), or the equivalent non-
parametrical test (Kruskal-Wallis test) when samples did
not meet the assumption of normal distribution or homo-
geneity of variance. Differences with probabilities (p) <
0.05 were considered significant.
b) Chromosome and telomere dynamics
To determine if there was a significant dependence of
chromosome stability, defined as the chromosome con-
tent rate of change over passages in culture, on telomere
dynamics, telomere values (continuous variables) includ-
ing initial, final, and RTL rate of change, and source values
(class variables) including animal, sample collection
method, and cell dissociation method were tested by mul-
tiple linear regression analysis (SAS 8.0) against the chro-
mosome content data. To determine if there was a
significant dependence of blastocyst development on
chromosome stability, blastocyst development data were
tested by multiple linear regression analysis (SAS 8.0)
against the chromosome content rate of change values.
The regression analyses were significant with a p-value of
< 0.05.
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